Two-photon excitation of photobases is used to induce pH changes and control the condensation step of the sol-gel process at the focal point of a laser beam in a confocal configuration. This two-photon microfabrication process, which is usually used in the polymerization of organic monomers, enables the generation of 2D and 3D inorganic Si-O-Si networks of silica based materials with micron resolution.
Introduction
Two-photon polymerization was developed in the late 90s for the fabrication of three dimensional microstructures using photo-sensitive formulations and it was mostly applied initially to polymeric organic systems. [1] [2] [3] This fabrication technique permits high resolution 3D fabrication thanks to the twophoton optical process, which allows highly localized control of the photo-induced reactions in the focal point region of the laser. Regarding inorganic and hybrid materials, the rst works reported the use of inorganic-organic hybrid resins that underwent radical polymerization when exposed to irradiation. These resins incorporated silica precursors that built up hybrid interpenetrating networks. Two-photon polymerized ORMOC-ERS were introduced with structure sizes of 200 nm. 4 Later on, those strategies were extended to Zr-Si based oxide materials, 5 SiCN nanostructures, 6 or TiO 2 patterning. 7, 8 In all these examples, the control of the microstructure was performed via twophoton induced polymerization reactions and the polymeric organic network was used as template for the structuration. The inorganic reaction was separately produced via for instance hydrolysis of metal-organic precursors. The organic part can then be removed and reveal the inorganic microstructure. It is interesting to note the possibility of using two-photon excitation for lithography techniques. For instance lasers are used to produce 3D photonic crystals in chalcogenides photosensitive glasses. 9 Similarly microstructured ceramics are obtained by preparing a 3D polymer scaffold by two-photon microlithography followed by alumina deposition, ion beam milling and plasma etching.
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In our work we investigate a method allowing two-photon absorption control of the condensation step of silicon based pre-hydrolyzed precursors in the sol-gel process towards microstructured inorganic silica based networks. The process occurs in two sequences. The rst step is the preparation of a stable silica sol through the controlled hydrolysis of silicon alkoxide precursors (MTEOS -methyltriethoxysilane) in acidic conditions (HCL). This generates stable and homogeneous suspension of silica-based oligomers. In the usual sol-gel process, the second step, namely the condensation reactions of these oligomers, is controlled by a pH change through addition of a base or acid in order to fulll the inorganic polymerization. We report here the possibility to control this inorganic polymerization by tuning locally the pH with photo-acids and photobases. Such molecular entities express interesting potential pH changes under laser excitation, in particular using twophoton process. The pH change occurs then exclusively in the focal point of the laser. Thus, the condensation is photochemically induced exclusively in the volume of the focus of the laser beam. 3D micro-fabrication can then be achieved by simply controlling the displacement of the focal point. Finally the substrate is immersed in an appropriate solvent for washing and elimination of the sol part that has not been irradiated. In this paper we report the investigation on the role of the photosensitizer, the solvent and concentrations on the sol-gel condensation process and, to the best of our knowledge, the rst two-photon controlled sol-gel condensation reaction.
Results and discussion
The sol-gel condensation steps on silica-based materials can be controlled using either basic or acid catalysis. Taking this background in consideration the use of photo-induced pH changes can be a trend to control condensation reaction with light. Moreover such photo-induced local pH changes can be driven either with common one-photon or two-photon excitation. Two-photon excitation provides a means for activating the polymerization of the silica oligomers with higher 3D resolution than that of normal excitation. However, this requires the use of optimized molecular structures as initiators of the chemical reaction.
Photosensitizers and control of the condensation catalysis
The probability of two-photon absorption by the initiator molecules depends quadratically on the intensity of the laser and, consequently, it takes place within the very conned volume dened by the focal point. In order to induce the polymerisation reactions, the initiators must have large enough twophoton absorption cross-sections (d). Hydrolysis of the sol. The sol is prepared starting from alkoxysilane precursors, typically glycidyloxypropyl)trimethoxysilane (GLYMO) or MTEOS, which are hydrolysed under acidic pH according to previously reported procedures. [11] [12] [13] [14] It is then mixed with the different photosensitizers in various ratios and concentrations to evaluate and optimize the fabrication process. Two types of photosensitizers are investigated, photoacids and photo-bases.
Acidic catalysis using photo-latent acid catalysts. In the solgel process, the second step related to the network formation of the oxides can be associated to protonated silanol intermediates. Fig. 1 shows the mechanism of condensation in acidic conditions. Usually this is achieved using mineral acids (HCl, HNO 3 ).
Two different photo-acid compounds, Irgacure® 250 and triarylsulfonium hexauorophosphate salts mixture with absorbance in the expected wavelengths range are used to try to induce the polymerization, sometimes with the addition of a photosensitizer to increase the probability of absorption (Fig. 2) . Several ratios are evaluated in the case of Irgacure® 250 as reported in Table 1 .
No fabrication is observed in any of the cases using the Irgacure® 250. The same observation is done when using triarylsulfonium hexauorophosphate salts as a photo-acid in similar conditions. Indeed the use of such photo-acid is not in favour of condensation reaction but mostly in favour of the hydrolysis. In our case the hydrolysis ratio becomes extremely high, close to 100% but basic catalysis becomes necessary to induce the condensation step.
Basic catalysis using a photo-latent basic catalysts. In basic assisted condensation, the cross-linking starts at early stages in the process, and condensation rates are higher than in acid conditions (Fig. 3) .
The role and efficiency of the photo-base is evaluated on different structures exhibiting either the photo-generation of hydroxyles OH-, or amine derivatives. The photo-bases are Nmethylnifedipine derivative, tetramethylguanidine phenylglyoxylate 15 or 9-xanthenylmethyl N-cyclohexylaminecarbamate. The mechanisms occurring under irradiation are reported in respectively Schemes 1-3. N-Methylnifedipine has been slightly modied replacing the original two methoxy groups for two ethoxy groups to increase solubility and stability. To the best of our knowledge, this is the only compound reported in the literature which is able to release an OH À group according to Scheme 1.
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The role of the solvent and the photo-base concentration is investigated. The pH change during the process is evidenced by using pH paper, the photobase being insoluble in water, showing the stronger variation from 5 to 10 under UV irradiation (Fig. S1 †) . The experimental conditions are resumed in Table 2 . In the case of sample 1; due to the high volatility of the THF (bp ¼ 66 C), the sample evaporates quickly in our operating conditions (room temperature) inducing the recrystallization of the photo-base, and sometimes the solidication of the gel. Even so, polymerization can be provoked in some parts of the sample but cannot be washed aerwards. It can be improved by performing fast fabrication (sample 2), which allowed achieving the network (Fig. 5) . However, the evaporation is still too fast and some of the sol tended to condensate around the performed structure prior to washing. Moreover, as it can be seen in the SEM images of Fig. 5 , the drawn lines are of about 930 nm width, which is little larger than the focal point of the laser which is about 200 nm. This is due to diffusion of the produced pH change slightly out of the focus region. We have thus decided to add solvent with higher boiling point to the formulation, the benzyl alcohol (bp ¼ 205 C).
Samples 3, in which benzyl alcohol is added in order to increase the boiling point of the solvent and slow down the evaporation, leads to photo-induced condensation but with low resolution and homogeneity (optical images Fig. S2 †) . In sample 4 and 5 the ratio of benzyl alcohol is increased. As observed on Fig. 6 and 7 , the quality and resolution of the microfabrication is improved while increasing the benzyl alcohol amount. This can be explained by the better control of the solvent evaporation during the process allowing longer operating condition prior to the washing step. The prole of the fabrication shows much higher regularity and periodicity (Fig. 7  right) . The line width remains however slightly larger than the focal point.
Interestingly, when increasing more the benzyl alcohol amount (sample 6), the fabrication is not observed anymore. This can be attributed to the higher dilution of the sol and photo-base preventing from possible condensation between oligomers. Same situation is observed when decreasing the concentration of the sol conrming this result (sample 7).
Two other types of known photo-bases, activated according the Schemes 2 and 3, 17 are experimented in order to identify the mechanism involved in the condensation of the silica network. 
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No fabrication is obtained in both cases. This evidences the key role of the OH À entities in the mechanism of basic catalysis in this derived photoinduced sol-gel process ( Fig. 3 and 4) .
Fabrication of 3D microstructures
The synthetized N-methylnifedipine derivative proved to have the best chemical efficiency to induce a complete condensation in the focal point and fabricate structures resistant to the washing process. The addition of co-solvents to the formulation turns out to be a setback for the oligomers bonding to form a 3D network, while the use of a volatile solvent like THF allows for the fabrication in the bulk of the sample. The use of the formulation 2 previously discussed successfully leads to 3D microstructures of 8 mm high, calculated approximately from the confocal microscope graduation (Fig. 8) . Such 3D structures show lower resolution than 2D structures due to a longer time processing, allowing the base diffusion outside of the focal point. Further work is ongoing in our laboratory in order to prevent the base diffusion by decreasing the solvent amount or increasing the fabrication speed.
Experimental
Irgacure® 250 is provided by the BASF company, triarylsulfonium hexauorophosphate was bought from Aldrich. Tetramethylguanidine phenylglyoxylate and N-methylnifedipine derivative are prepared according to the procedure described in the literature. 15, 16 Preparation of the hydrolysed sol Trifunctional organosilane compound methyltriethoxysilane (MTEOS) possess three hydrolysable ethoxy groups (OC 2 H 5 ) and one non-hydrolysable methyl group (CH 3 ). In the rst step of the process a 60 mL of MTES precursor and 70 mL of water (pH ¼ 3.5, HCl) are combined in 250 mL ask. The mixture is stirred for 45 min until a homogeneous transparent mixture is obtained. The obtained sol is heated in an oil bath to 130 C and ethanol is removed by distillation. When around 60-70 mL of ethanol has been distilled, the sol becomes turbid: it is then removed from the oil bath and directly cooled down using 100 mL of ice-cold water. Aerwards, the water is removed by decantation, and diethylether is added to dilute the sol. More water is removed aer phase separation and the sol is ltered using syringe lter (0.45 mm). Finally, a solvent exchange is undertaken by evaporation of the remaining diethyl ether and addition of proper solvent (THF) to obtain a 30 wt% solution. The resulting sol is stable for long time storage preferably at low temperature (À19 C).
Synthesis of N-methylnifedipine ethyl ester derivative
In a 20 mL screw cap glass ask containing a magnetic stirrer, 
Synthesis of the 9-xanthenylmethyl Ncyclohexylaminecarbamate
The synthesis of 9-xanthenylmethyl N-cyclohexylaminecarbamate is adapted from the synthetic route previously reported by Du et al. and requires the synthesis of two intermediates (Fig. 9 ).
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Synthesis of xanthene-9-ethanol. A solution of LiAlH 4 (0.43 g, 11.4 mmol, 1.3 eq.) in anhydrous Et 2 O (15.5 mL) is placed in two-necked ask equipped with reux condenser and dropping funnel is stirred at RT. To this solution, is added xanthene-9-carboxylic acid (1.988 g, 8.79 mmol, 1 eq.) gently and Et 2 O anhydrous (14 mL) dropwise together to produce gentle reux.
The mixture is stirred under argon at RT for 1 h. H 2 O is added cautiously by cooling the mixture with ice-water bath before adding 10% of H 2 SO 4 (10 mL) and 20 mL of AcOEt to decompose the excess of LiAlH 4 and xanthene-9-carboxylic acid, resulting in a grey suspension. The mixture is partitioned between AcOEt and H 2 O. The aqueous phase is extracted with AcOEt (30 mL Â 3). The reunited organic phase is washed with H 2 O (30 mL Â 1), dried over Na 2 SO 4 and concentrated under vacuum to obtain a white powder (1.694 g, 91%) . 1 3H) . Synthesis of 9-xanthenylmethyl N-cyclohexylaminecarbamate. A solution of xanthenes-9-phenylcarbonate (0.500 g, 1.510 mmol, 1 eq.) in DMF (7.08 mL) is placed in a microwave tube and stirred under argon at RT. A solution of cyclohexylamine (0.19 mL, 1.650 mmol, 1.2 eq.) in DMF (2.40 mL) is added dropwise by syringe into the mixture and stirred under argon at RT for additional 5 min. The microwave tube is then put inside the microwave and the reaction is set at 50 C for 12 h (overnight 
Two-photon polymerisation set-up and process
Two-photon polymerisation tests are realized with a high resolution 3D micro-printing machine (http://www.microlight.fr/). It is based on an inverted microscope, a microchip laser, and a 3D nano-positioning piezo-stage (PZT). The self-Q switched microchip laser generates sub-nanosecond pulses at 532 nm with a 10 kHz repetition rate, and a maximum average power of 20 mW. The laser is focalized in the resin with a high numerical aperture microscope (NA ¼ 1.4) providing a laser spot of about 0.2 micron (FWHM). 
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The sample are deposited on 24 Â 24 mm 2 cover glass plate aer an alkalinisation treatment by scrubbing its surface with a KOH solution 20% in ethanol/water. DI water is used to rinse the surface and remove the excess of base. A 15 mL droplet of photosensitive liquid material is deposited on to the surface of the glass substrate. The laser focus is set in the resin at the upper the glass surface. Line fabrication are obtained by PZT scanning the sample with a speed of 100 micron per s, and a laser power in the range of 1 mW (measured before the microscope objective). The non-polymerised material is removed by rinsing and immersing the glass substrate in ethanol for 2 minutes.
Conclusions
Two-photon induced pH changes are used to control inorganic condensation process during the sol-gel microfabrication of 2D/ 3D structures of silica based materials. The role of the most important parameters is investigated, typically the structure of the photobase, the concentrations, the solvent. The amount of photoinitiator in the sample needs to be signicant enough to induce the inorganic polymerization. On the other hand, very high concentrations of photocatalyst lead to non-desired condensation out of the focal point and thus a loss in the resolution. This extends the concept of two-photon 3D micro-fabrication oently used on organic polymerization reactions toward the control of inorganic polymerization and possibilities to directly fabricate hybrid and inorganic materials. The potentiality to further easily design microceramics using laser with submicronic resolution open tremendous perspectives in elds such as photonic crystals, optoelectronic devices, sensors. This work is ongoing in our laboratory and will be the topic of next reports.
Conflicts of interest
There are no conict to declare.
